At Lawrence Livermore National Laboratory (LLNL), our flash X-ray accelerator (FXR) is used on multi-million dollar hydrodynamic experiments.
I. Introduction
The LLNL Flash X-ray machine is used on very expensive and important hydrodynamic experiments. (See Figure 1. ) Therefore, FXR must be ultra-reliable. FXR generates a short 60 ns, 3 kA electron beam with energy of 17 MeV. The goal is to expose a radiograph with sufficient X-ray dose, 400 rads, to penetrate the test object. The resolution of image is driven by X-ray spotsize that is currently about 1.8 mm full-width at halfmaximum. Four years ago, an optimization project was started to improve both the performance and reliability of this 25 year old machine [1, 2] . This paper will focus on the reliability aspects. The overall reliability goal is to maintain our record of less than one lost radiograph per thousand hydrodynamic experiments.
Hence, it is desirable to know the reliability of the machine before each experiment. This paper describes a statistical approach for estimating and predicting the reliability of FXR. High-dose and high-energy flash x-ray machines are large and complex. FXR has hundreds of high-power pulsed power subsystems that generate and accelerator the beam and high-current supplies and magnets to transport and steer the beam to the X-ray converter. (See Figure 2. ) Figure 2 . Large complex flash X-ray machines rely on hundreds of systems to function properly for a shot.
Outdoor high explosive testing before Contained Firing Facility FXR has more than ten operations computers that set the timing system, control power supplies, and collect and display data on machine performance.
The FXR subsystems include millions of electronic and mechanical components that could fail and prevent the machine from operating. In our experience, the reliabilities of the subsystems are not all equal. This project is taking a quantitative approach to identifying the problem areas and using statistics to predict the reliability of critical components and thus FXR. (See Figure 3. ) Figure 3 . The performance of the high-voltage gas switches had a major impact on reliability statistics.
The reliability plot in Figure 3 shows different failure modes. The lost or degraded data are of the most concern, and they are attributed to high-voltage pre-fires and other mechanisms. At the end of 2006 a new SF6 gas system with very low water moisture content was developed to reduce the prefires. The switch reliability was much improved, and the pre-fire rate was too low to measure during normal operations. So, we set out to estimate the reliability of the gas switches.
II. High-voltage Gas Switches
The pulsed power system consists of a 5-stage Marx generator that is charged to 70 kV. (See upper portion of Figure 4 .) When the Marx erects, a 300 kV, 2µs pulse charges the Blumlein transmission line through a Veradyne Corporation gas switch. The bottom end of Blumlein is grounded by the switch that sends a 380 kV, 100 ns pulse to the accelerator cell. (See lower portion of Figure 4 .) The SF6 gas switch was designed to operate consistently for many thousands of shots. Therefore, we believe it is possible to operate the switch for a large number of shots to gather statistical data.
All gas switches have some timing jitter after triggering, and the FXR Blumlein switches have only 1ns-rms of jitter due to the strength of the trigger pulse. From the many measurements, the distribution of timing jitter appears to be Gaussian. Therefore, a switch closing 6 ns early should only occur once in ten million shots. For statistical purposes, we define pre-fire as a switch closure that occurs more than 6 ns before the trigger. In practice self-fires occur many hundreds of nanoseconds early. This reduces the energy of the beam. If the reduction occurs in the front of the accelerator, the electron beam will not be transported correctly to the Xray converter. Switch pre-fires are a major concern.
Three controllable parameters affect the reliability of the switch: Voltage, nominally 300 kV; SF6 gas pressure, 55 psig; and gas exchange volume, more than half per shot.
The FXR switch is normally triggered at the top of a 300 kV pulse where there is little chance of a pre-fire. To determine the probability of a pre-fire, the switch was charged with an over-voltage pulsed with a peak of 450 kV, and the trigger was disabled. (See Figure 5. ) Figure 5 . An over-voltage pulse is needed to generate pre-fire data.
Reducing the gas pressure will increase the pre-fire rate. (See Figure 6 .) The hypothetical probability distribution and cumulative probability plots are based on a standard deviation of 7.5% that was determined from switch testing. The shift in voltage can be calculated with T. H. Martin's formula [3] that relates the gas density, ρ, the electric field in the gap, E, and time to closure, τ. A million shots would be needed to accurately characterize the gas switches, and there is not enough time or funds to do this. With our Test Stand, exercising the switch thousands of times is acceptable, and it will provide data in the pink boxes in Figure 6 . On FXR, 100 shots to characterize a particular switch once is acceptable as long as the pre-fire rate is reasonably low at a reduced pressure setting. This data will fall into the boxes labeled FXR in the plots. The extrapolation area is shown in the lower plot in Figure 6 . Extrapolation to FXR reliability is only possible if the data points on the Test Stand and FXR overlap.
The ultimate goal is to check the reliability of each switch on FXR with only ten shots. The process for this will be explained in the next section.
III. Test Result and Reliability Prediction
On the Test Stand, the over-voltage waveform without trigger always caused the switch to always self-break with the nominal operating gas pressure of 55 psig. (See Figure 7. ) On FXR the switch is triggered at 300 kV, before any pre-fires in the plot. Based on one thousand shots, the mean pre-fire voltage is 355kV as shown in the probability distribution plot in Figure 8 . The cumulative probability is shown in the lower plot. Multiple Gaussian distributions appear to best describe the shape. However, for simplicity a single Gaussian will be used, and they are included in the plots as thin lines. The standard deviation is 6.7% of the mean value. Figure 8 . The probability distribution and cumulative probability are generated from the over-voltage test results.
When the gas pressure is reduced to 45 psig, the prefire voltage levels are lower. (See Figure 9. ) In this example, two Gaussian distributions are clearly visible. The hypothesis is the switch is firing at two different electrode points. Using equation 1, the predicted mean voltage for the lower pressure is 305 kV. Based on all the data, the mean level is 300 kV, and the mean for the data on the left covered by the small Gaussian is 290kV. The standard deviation is 6.7% for all the data, and 2.8% for the smaller Gaussian grouping.
Figure 9.
Test data at 45 psig shows two distinct Gaussian distributions.
Another parameter that affects the switch reliability is cleanliness of the SF6 gas. The gas volume exchange test results shown in Figure 10 were as expected. Each data point is generated from 200 shots. A full volume exchange improves the reliability. During the switch studies, a half volume exchange was deemed enough. For a hydrodynamic experiment, the gas is replaced multiple times. The goal of the reliability study is to quantify switch reliability on FXR with an expected pre-fire rate of less than 10 -4 . When the study has not been completed, a procedure has been developed to check switch reliability with ten shots. If a switch meets our reliability goal at 55 psig, then we ought to be able to select a lower pressure where the pre-fire rate is 50%, hypothetically 30 psig. Table 1 shows eleven possible outcomes from a switch check at the low gas pressure. The associated probability and the cumulative probability of such an outcome are also listed. If there are two or less pre-fires, the switch is considered reliable to a high level of confidence. For three to six pre-fires, the gas pressure could be raised or checked more often. If there are more than seven prefires, pressure must be raised and the switch repaired soon. Table 1 . Low-pressure checks can identify reliable and problematic switches.
Two tasks still remain to be completed in this study. First, our test matrix with the over-voltage and normal voltage waveforms for various gas pressures must be filled in.
Second, the effect of the two different waveforms on reliability must be explained.
IV. Summary
It is possible to estimate and predict reliability of large complex machines like the LLNL FXR. It is possible to make FXR extremely reliable even if it includes highvoltage gas switches. Determining gas switch reliability will require a test stand. The resulting switch checking procedure will maximize the maintenance effort. FXR has already seen payoffs during a switch check.
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